Abstruct: Induction generator is a good option for low power stand-alone, non-conventional energy generation. Induction generators require low maintenance cost and are cheaper but require an external excitation controller. A recently proposed PWM controller, whose principle was demonstrated in an earlier work for resistive and reactive loads, has been satisfactorily employed for harmonic and unbalanced three phase loads. The closed loop, IGBT based controller, which does not require any mechanical positiodspeed sensors, has been used to regulate the three-phase AC output voltage of a self-excited induction generator with varying rotor speed, transient load conditions and unbalanced as well as' reactive loads. Since no on-line computations are required, it turns out to be a low cost, simple controller. Computer simulation and experiments show good results.
I. INTRODUCTION
The electrical energy harnessing from wind power is most cost effective and cleaner option. The generated power can be directly.fed to grid or used to feed the local loads. Induction generators are suitable for stand-alone power generation in remote and rural areas. Normally, the induction generators are excited with capacitors connected across their terminals [ I] . The value of capacitor is chosen so as to regulate the generated voltage with changing speed and load. The excitation capacitors can be changed by switching capacitor banks or using a thyristor controlled reactor for smooth variation. Thyristor controlled reactor with fixed capacitor is presented in [2] . The TCR control has poor transient response and introduces harmonics in generator current. A thyristor controlled DC voltage regulator for .wind driven induction generator is reported in [ 3 ] . A PWM inverter can be used to provide the desired excitation by controlling the modulation index and phase in synchronism with the generated voltage. A two stage PWM controller based on AC-DC-AC link [4, 5] can generate with fixed frequency, fixed voltage output with varying rotor speed. This scheme requires two PWM converter stapes handling full load power. A shunt connected PWM VSI controller is presented in [6-81. In this scheme only one converter stage is required which has to handle only excitation current and reactive load current. The ratings of semiconductor switches and DC link capacitor are lesser as compared to the two stage series connected configuration.
The vector control techniques using stator flux oriented control [6] and rotor flux oriented control [7, 8] impro\.e dynamics of the system but these schemes are based on sensing load as \vel1 as generator current. Also, the schemes involve on-line computations and measurement of rotor speedposition, which require complicated electronic circuits.
A static reactive power compensator based on supply current sensing [9] can be used as a reactive power source. This controller requires half the number of current sensors as compared to conventional schemes based on load and supply current sensing. A induction generator controller based on the reduced current sensor SVC with supply current sensing is reported in [IO] for variable speed constant voltage operation. The induction generator can also be controlled by sensing the converter current [ l 11. Sensing the converter current provides more safety for IGBTs used in converter but this scheme is suitable for resisti\.e and reactive loads only.
All electronic loads with front end ac-dc converters d n w harmonic current. This harmonic current causes harmonics in generated voltage and excessive heating i n the induction machine. The single phase loads (such as lighting. heating etc.) are quite common. Normally, these single phase loads reflect as unbalanced loads in a three phase system. The negative sequence component due to unbalanced load and harmonic load may cause severe stability problem in the generator. The negative sequence super-synchronous currents produce super-s!nchronous torque on the rotor shalt. This causes oscillations in the rotor shaft at super synchronous frequency. If any natural mode frequency of the rotor shaft is close to this super-synchronous frequency. serious resonant oscillations in roior shaft may lead to catastrophic danugc [12]. To avoid this, harmonic current and imbalance i n the generator current must be minimized. In low power, IOW cost non-conventional energy generation systems, it is not feasible to use separate load equalizers and filters.
A recently proposed PWM controller, whose principle \\'as demonstrated in an earlier work [ 2) The terminal AC voltage is regulated irrespective of varying rotor speed, transient load, harmonic load, reactive loads and imbalanced load in a limited range. 3) A simple. de-coupled reference current generation is used which do not require any real time mathematical computation, minimizing hardivare and reducing the overall cost. 4) Mechanical speed or position sensor is not required. 5) Unlike the schemes proposed in [4, 5] , the proposed scheme uses only one power stage, with the PWM converter connected in shunt. Further, the number of devices and their ratings are reduced. 6) The overall efficiency of the scheme is higher due to single power stage.
The controller has been extensively simulated on digital computer using SABER software for studying the transient and the steady-state performance. The operation of the proposed controller is also verified experimentally. The results obtained from experiments and simulation work support the proposed theory.
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The induction generator controller is shown in Fig. I . The reference current is derived simply by sensing the DC link and generated AC voltages. The DC link error decides the active current demand of the load and converter whereas the error in the generated voltage' decides the excitation current and load reactive current demapd. The reference current is derived by multiplying the DC error with in-phase template voltage and AC error with cosine template voltage derived from corresponding generated voltage. Complete details of the controller operation are given in [IO] . The reference currents generated by multiplying error signals \vir11 smooth sinusoidal waveforms are derived from the generated voltage. The reference currents are therefore free from harmonics and have equal amplitudes. As the generator currents closely track the reference currents. generator currents are also free of harmonics (neglecting switching frequency harmonics) and have identical three phase current amplitudes for harmonic or unbalanced load.
The generation of reference current is shown in Fig. 2 . As shown in the figure. for resistive loads, the generator current slightly leads the supply voltage. This leading current meets the excitation current requirement. T h e generated three-phase voltages are shown in Fig. 3 . Reuctive load Fig. 4 shows the simulation results with RL load. The converter has to absorb the reactive load current and wpply excitation current as shown in the figure.
Harmonic loud: For harmonic loads, the converter acts as actiie filter and compensates for harmonic load current. .A three phase uncontrolled diode rectifier with inductive filter is used as harmonic load in this simulation. As shown in Fig. 5 , the generator current harmonics are minimized and generated sinusoidal voltage has negligible harmonics. The supply current harmonics can be further minimized by increasing DC link capacitor value.
Unbalanced load: One of the major concerns for low and medium power generation units is the imbalance caused by unequal loads connected to the different phases of a 3 phase system. The controller is capable of handling imbalanced loads. The converter absorbs and supplies active power over a cycle to equalize the generator current. The large ripple in DC link due to active current components requires a large DC link capacitor. Response of the scheme to unbalanced load is shown in Fig. 6 . As shown in the figure, the supply currents have imbalance but the generator currents are balanced and the generator voltage is also identical for the three phases. Response to variation in rotor s p e d from 900 Trn to 1150 rpni is shown in Fig. 18 . The rotor speed is varied by armature control of DC motor used as a prime mover. 
